A C C E P T E D M A N U S C R I P T  Recent studies have shown that the insula is a saturable node of information processing, such that different insular functions compete for limited resources -this saturability explains how craving during withdrawal can overload insular processing to the exclusion of other functions, such as saliency and network homeostasis.
 Standard-of-care treatments for nicotine use disorder have limited efficacy.
 Neuromodulation of the insula has potential to improve abstinence success rates amongst smokers.
Abstract
Insula dysfunction contributes to nicotine use disorders. Yet, much remains unknown about how insular functions promote nicotine use. We review current models of brain networks in smoking and propose an extension to those models that emphasizes the role of the insula in craving.
During acute withdrawal, the insula provides the sensation of craving to the cerebrum and is thought to negotiate craving sensations with cognitive control to guide behavior -either to smoke or abstain. Recent studies have shown that insula processing is saturable, such that different insular functions compete for limited resources. We propose that this saturability explains how craving during withdrawal can overload insular processing to the exclusion of other functions, such as saliency and network homeostasis. A novel signal flow model illustrates how limited insular capacity leads to breakdown of normal function. Finally, we discuss suitability of insula as a neuromodulation target to promote cessation. Given the limited efficacy of standard-of-care treatments for nicotine use disorder, insular neuromodulation offers an innovative, potentially therapeutic target for improving smoking cessation.
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Introduction
Given the serious health problems caused by smoking, it is not surprising that nearly seven in ten smokers want to quit (Babb, 2017) . Unfortunately, smoking cessation treatments are largely ineffective, with most attempts to quit failing within the first 24 hours. Approximately 80% of patients relapse by six months, despite combined pharmacologic and behavioral therapies (Tobacco, 2008) . After six months, only one patient out of ten receiving behavioral therapy alone remains abstinent, and only two patients out of ten receiving combined pharmacological (e.g.
nicotine replacement) and behavioral therapy remain abstinent (Stead and Lancaster, 2012) . These low success rates underscore the need for more effective interventions and the ability to predict which individuals are most likely to benefit from a given intervention. Achieving these goals requires a better understanding of the neural underpinnings of nicotine use disorder.
A significant advance in our understanding of the neurobiology of smoking behavior was made when Naqvi and colleagues observed that lesions to the insula disrupt the urge to smoke cigarettes (Naqvi et al., 2007) . A prospective cohort study extended this findings, reporting that insular damage was associated with increased odds of three-month continuous abstinence (Abdolahi et al., 2015b) and was associated with fewer cravings and withdrawal symptoms compared to non-insular strokes (Abdolahi et al., 2015a (Abdolahi et al., , 2017 . This finding demonstrated that the insula plays a critical role in smoking maintenance and cravings, and that the region may be a therapeutic target for smoking cessation. (Abdolahi et al., 2015a (Abdolahi et al., , b, 2017 Forget et al., 2010; Naqvi et al., 2007; Pushparaj et al., 2013; Suner-Soler et al., 2012) . Since lesions of the insula in human and animal studies reduce nicotine craving and consumptions, it implies that insular function contributes to the maintenance of smoking behaviors.
A C C E P T E D M A N U S C R I P T
The insula is involved in a wide array of behaviors and functions, including salience attribution, interoception, awareness, affect, anticipation, uncertainty, prediction error, perception, attention, and cognitive processing (Nieuwenhuys, 2012) . The insula receives inputs from many sensory modalities and is associated with many cognitive domains (Cauda et al., 2012; Cauda et al., 2011) . Recent meta-analyses of functional MRI studies suggest that the insula contains two to seven functionally-distinct regions (Cauda et al., 2012; Chang et al., 2013; Deen et al., 2011; Kelly et al., 2012; Kurth et al., 2010) . Current insula models suggest that the region plays a role in three broad categories of function (Deen et al., 2011; Uddin et al., 2014) . The posterior insula mediates sensorimotor-interoceptive functions, and receives rich afferents from spinothalamocortical pathway carrying nociceptive, thermal, and other interoceptive information (Craig, 2002) . The ventral anterior insula is involved in emotional-limbic functions, including peripheral physiological responses to emotional experiences, as measured by heart rate or galvanic skin response (Mutschler et al., 2009; Uddin, 2015; Wang et al., 2018) . Ventral anterior insula is associated with the default mode network, which is involved in self-referential processing and includes the precuneus, posterior cingulate gyrus, and ventromedial prefrontal cortex. The dorsal anterior insula is associated with cognitive control functions, such as attention, inhibitory control, and goal-directed cognitive tasks (Dosenbach et al., 2007; Uddin, 2015; Wang et al., 2018) . Dorsal anterior insula is associated with the executive control network, which is involved in cognitive control and includes the dorsolateral prefrontal cortex and posterior parietal cortex. Together, the anterior insula receives information from all sensory modalities and domains of brain function, and re-represents this information to form thoughts, feelings, and awareness (Craig, 2002 (Craig, , 2009 (Craig, , 2011 .
Despite the functional diversity within insular subunits, several closely-related theories about the functional role of the insula in craving and smoking behaviors have emerged. For example, one theory (Sutherland et al., 2012) suggests that the salience network -consisting of the anterior insula and anterior cingulate -"toggles" between large-scale brain networks, including the executive control network involved in exteroceptive processing and the default mode network involved in self-referential processing. Another theory suggests that the anterior insula is involved in managing predictions against prediction errors (Barrett and Simmons, 2015) . While differing somewhat in their models and interpretations, the theories all point to involvement of the anterior insula in processing and balancing of "bottom-up" sensations versus "top-down" cognitive control processes. Because the insula is involved in both craving processing and ability to orient attention to cognitive control and away from visceral cues, modulating the insula may restore cognitive control over craving and withdrawal.
Studies have shown that there is a limit to how much the anterior insula can process.
Specifically, evidence shows that the anterior insula is associated with the total capacity or upper functioning limit of cognitive control; the low processing capacity of the insula limits functions such as perceptual encoding (Tombu et al., 2011) , response selection (Trautwein et al., 2016) , and attentional control (Wu et al., 2019) . Insular processing capacity of perceptual and cognitive tasks has been demonstrated to be lower than other brain regions, both by information rate and load (Tombu et al., 2011; Trautwein et al., 2016; Wu et al., 2019) . This means that during perceptual and cognitive control tasks, the anterior insula becomes saturated, and it reaches this saturation point earlier than other brain regions. One potential explanation for this saturability or "bottleneck"
is that the anterior insula's concurrent involvement in multiple diverse functions fosters competition amongst functions during a heavy working load for limited resources. For example,
the limited processing resources of the insula may be occupied by one function, such as craving, to the exclusion of other functions, such as toggling amongst large scale brain networks.
The following sections discuss: (1) evidence of insular involvement in nicotine use disorder pathophysiology and (2) possible therapeutic strategies to target the insula for smoking cessation using neuromodulation, which can alter the function of specific brain regions and networks. We review neuroimaging literature on nicotine use disorder, focusing on insular function over different clinical stages. We then review current models of large-scale brain networks in smoking and
propose an extension to those models that emphasizes the role of the insula in craving. Compared to models that emphasize toggling (Menon, 2011; Sutherland et al., 2012) or prediction functions of the insula (Chanes and Barrett, 2016; Kleckner et al., 2017) , we emphasize that the insula has more limited processing capacity than other brain regions (Wu et al., 2019) . During acute withdrawal from nicotine, the insula may become overloaded with sensory craving sensations that prevent it from carrying out its normal processing cognitive control and network homeostasis. We present this extended model using a signal flow diagram (Figure 1) , an approach commonly used in control-systems electrical engineering. We then discuss how modulating this circuitry could provide therapeutic benefit.
Insular Role in Nicotine Use Disorder

Introduction: Insular Lesions Disrupt Smoking Behaviors
Converging evidence implicates the insula in the maintenance of smoking behaviors and cigarette craving. Naqvi and colleagues (Naqvi et al., 2007) first reported that smokers with cerebrovascular damage to the insula were able to stop smoking without cravings or relapse, suggesting insular function contributes to the urge to smoke. A subsequent, large, prospective study over a one-year period also found that insular lesions in smokers disrupted the desire to
smoke and led to abstinence (Suner-Soler et al., 2012) . A prospective cohort study (Abdolahi et al., 2015b) conducted in 156 smokers hospitalized for acute ischemic stroke found that insular damage was associated with increased odds of three-month continuous abstinence. Insular damage in the same cohort was also associated with fewer nicotine withdrawal symptoms and cravings compared to those with non-insular strokes (Abdolahi et al., 2015a (Abdolahi et al., , 2017 . These findings have been corroborated in animal models of nicotine dependence. Insular inactivation in rat models significantly reduced nicotine motivation, nicotine seeking-, and nicotine taking-behaviors, with no effect on food behaviors (Forget et al., 2010; Pushparaj et al., 2013) . Both human and animal studies demonstrate that insular lesions disrupt nicotine-seeking behavior behaviors and underscore the need to understand insular function in smokers.
Neuroimaging the Insula in Nicotine Use Disorder
Nicotine exposure causes two distinct sets of effects: acute and chronic. Acute effects are short-term changes in behavior and brain function that occur after acute administration. Chronic effects include dependence and tolerance associated with neuroadaptations resulting from repeated exposure to nicotine. We review the neuroimaging literature during four clinical stages of nicotine use disorder and recovery (Figure 2 ) focusing on the role of the insula in each stage. First, we review studies of the acute effects of nicotine on neurobiology (Section 2.2.1). Second, we review studies comparing chronic smokers to controls to understand tolerance and dependence (Section
2.2.2).
Third, we review studies of nicotine-dependent individuals during acute abstinence to understand the mechanisms of the nicotine withdrawal syndrome and craving (Section 2.2.3).
Fourth, we review long-term abstinence as a model of neuroplastic recovery from nicotine use disorder (Section 2.2.4). Finally, we attempt to synthesize the findings from these four stages of the disease into a single model (Section 2.3), summarized in Table I .
The anterior insula serves several functions, including primary representation of craving sensations in the brain as well as negotiating saliency and attention towards either internally-or externally-directed large scale brain networks. The anterior insula is associated with the total capacity or upper functioning limit of cognitive control; the low processing capacity of the insula compared to other brain regions limits functions including perceptual encoding (Tombu et al., 2011) , response selection (Trautwein et al., 2016) , and attentional control (Wu et al., 2019) . For example, during perceptual decision-making , anterior insula activity increased with greater task load, plateaud earlier than other brain regions, and was associated with the processing capacity of cognitive control (Wu et al., 2019) . Another study demonstrated that bottom-up stimulusreorienting and top-down cognitive control tasks share common anterior insula resource costs (Trautwein et al., 2016) , suggesting that these functions compete with each other for limited insular processing resources. This capacity-limit of insular function may apply to acute withdrawal.
Withdrawal sensations may overload the anterior insula, preventing it from managing internallyversus externally-directed brain system homeostasis. Previous models have suggested that the salience network, consisting of the anterior insula and anterior cingulate gyrus, "toggles" between the executive control network (consisting of the dorsolateral prefrontal cortex and posterior parietal cortex) and default mode network (consisting of the precuneus, posterior cingulate gyrus, and ventromedial prefrontal cortex) (Sutherland et al., 2012) . Here, we extend this model by (1) applying control-systems engineering principles to the model, and (2) emphasizing the saturable, capacity-limited characteristics of the insula to explain neuroimaging findings and motivate novel interventions.
Stage 1: Acute Nicotine Exposure (Neural Pharmacodynamics)
Like other drugs of abuse, nicotine acts on the brain's reward circuit and induces dopamine release from ventral tegmental area neurons into the nucleus accumbens and prefrontal cortex (Volkow et al., 2012) . Nicotine acts as a ligand at nicotinic acetylcholine receptors (nAChRs).
nAChRs are involved in three major circuits: (1) the brainstem's ascending arousal system of cholinergic neurons that terminates in the ventral tegmental area, (2) the basal forebrain (nucleus basalis of Meynert) cholinergic neurons involved in attention, and (3) fast-acting excitatory postsynaptic potentials in autonomic ganglia associated with visceral sensations (Nestler et al., 2015) .
By stimulating nAChRs in these circuits, acute nicotine exposure affects arousal, reward, attention, and autonomic regulation.
Functional MRI allows scientists to image in vivo the effects of nicotine-induced changes in these circuits. For example, nicotine administration relative to placebo in non-smokers led to decreased default mode network activity (Hahn et al., 2007; Tanabe et al., 2011) and significantly increased local efficiency of connectivity, particularly in right-sided limbic and paralimbic areas (Wylie et al., 2012) . A large Activation Likelihood Estimation (ALE) meta-analysis (Sutherland et al., 2015) of acute effects of nAChR agonists on brain activity changes in smokers as measured by fMRI or PET revealed that compared to placebo, administering agonists led to decreased activity in the bilateral anterior insulae (Sutherland et al., 2015) . Administering nicotinic agonists also resulted in decreased activity within default mode network regions and increased activity in executive control network regions, possibly explaining cognitive enhancement associated with nicotine administration. This study did not evaluate or control for effects of satiation versus abstinence and heterogeneity of tasks (including resting state), which confounds interpretation, but
indicates that insular activity may be altered by nicotine. Relative to placebo, acute nicotine administration leads to decreased anterior insular activity, decreased default mode network
activity, and increased executive control network activity, possibly explaining how smoking reduces craving and increases cognitive control.
Stage 2: Chronic Nicotine Exposure in the Cigarette-Sated State (Pharmacologic Dependency)
Several studies have compared individuals with a nicotine use disorder to healthy controls during a resting state fMRI scan. One study found that circuit strength between the insula and dorsal anterior cingulate cortex, the two principal nodes of the salience network, was reduced in smokers compared to controls, and smokers with lower circuit strength had greater addiction severity (Moran et al., 2012) . These associations were observed when participants were scanned after smoking or after short-term abstinence, suggesting that decreased salience network coherence reflects an effect of nicotine use disorder rather than an acute pharmacologic effect. Salience network coherence has been associated with severity of nicotine use disorder across studies (Bi et al., 2017; Li et al., 2017c; Moran et al., 2012; Wilcox et al., 2017; Zhou et al., 2017) . For example, Zhou and colleagues (Zhou et al., 2017) reported that reduced connectivity between the insula and anterior cingulate cortex was associated with increased nicotine use disorder severity. Li and colleagues (Li et al., 2017c) extended these findings, showing that reduced circuit strength between right insula and anterior cingulate cortex was associated with higher number of incongruent errors during a cognitive-control task, implicating this circuit in top-down control of saliency. More importantly, diminished circuit strength between these regions was associated with greater lifetime nicotine consumption. These studies provide evidence that reduced salience network coherence at rest is a marker of chronic nicotine use and reflects addiction severity.
In addition to investigating how insular connectivity relates to addiction severity, studies have examined whether it reflects vulnerability to relapse during future cessation attempts. For example, decreased connectivity between the insula and brain regions involved in cognitive
control, including the dorsal anterior cingulate and dorsolateral prefrontal cortices, was associated with greater risk of relapse after attempted cessation (Janes et al., 2010) , possibly reflecting a mechanism of reduced cognitive control. Wilcox and colleagues studied 144 individuals with nicotine use disorder during the resting state and reported that decreased circuit strength between the insula and dorsal anterior cingulate was significantly correlated with higher cigarette consumption (Wilcox et al., 2017) . After controlling for addiction severity, increased circuit strength between these regions was associated with greater likelihood of successful abstinence.
Similarly, a 10-week longitudinal study (Addicott et al., 2015) found that increased insular connectivity to executive control and striatal regions was seen in successful abstainers compared to relapsers. This suggests lower insular connectivity may be associated with relapse vulnerability.
Recent studies have continued to investigate how salience network coherence relates to chronic effects of nicotine use. In one study, circuit strength between the insula and dorsal anterior cingulate cortex was significantly associated with enhanced smoking cue reactivity in areas involved in attention and motor planning, such as the right ventrolateral prefrontal cortex and dorsal striatum (Janes et al., 2015a) . Interestingly, the authors reported that insular-anterior cingulate connectivity in smokers remained unchanged across a one-hour period and was unrelated to craving or exhaled carbon monoxide, suggesting that increased salience network coherence may represent a chronic effect of smoking, and may be a neural signature of hypersensitive cue reactivity in nicotine use disorder. Together, these studies suggest that circuit strength between the insula and both (1) anterior cingulate, and (2) regions involved in cognitive control are not only markers of nicotine use disorder, but also a marker of prognosis, since it is associated with ability to quit smoking.
Insula activity in response to emotionally-salient stimuli has been investigated as a biomarker of nicotine dependence. For example, Janes and colleagues. (Janes et al., 2017 ) studied 23 smokers during a cessation attempt, 10 of whom remained abstinent during a two-week follow up. Relative to successful abstainers, smokers who relapsed demonstrated increased right insular activation in response to cigarette cues, suggesting that this activation predicted likelihood of future use. In another study using a subsample of smokers from the Human Connectome Project dataset, individuals who smoked more cigarettes had greater right anterior insular activation in response to viewing faces expressing negative emotions such as anger (Dias et al., 2016) . These studies suggest that greater insula activation in response to both smoking cues and emotional cues may indicate a higher propensity for smoking and relapse. To understand how these observations may relate to propensity to continue smoking, it is important to examine smokers during withdrawal and craving states.
Stage 3: Acute Abstinence (Nicotine Withdrawal Syndrome)
Acute abstinence is the stage of nicotine use disorder most vulnerable to relapse, and the stage that emphasizes the utility and novelty of our model. Acute abstinence in heavy smokers causes a nicotine withdrawal syndrome, characterized by cigarette craving, hedonic dysregulation, cognitive difficulties, and increased negative affect (Jackson et al., 2015) . Craving is a negatively reinforcing aspect of nicotine use disorder and has been shown to increase relapse vulnerability (Ferguson and Shiffman, 2009) . In a year-long study of smokers during abstinence, the strength of urges to smoke showed an exponential decline across time, but after a year, over one in three still reported "some urges" to smoke (Ussher et al., 2013) . Since the nicotine withdrawal syndrome and craving are persistent, the effects of acute abstinence on brain activity and connectivity could provide insights into nicotine use disorder and its refractoriness to treatment.
Several studies have examined how brain circuits are altered during acute withdrawal, suggesting altered homeostasis amongst salience, executive control, and default mode networks.
For example, 24-hour abstinence compared to satiation was associated with weaker negative connectivity between the default mode and salience networks at rest (Lerman et al., 2014) . Weaker between-network coupling predicted abstinence-induced cravings and increased activity of default mode network (Lerman et al., 2014) . The insula may be involved in causing the altered connectivity observed in withdrawal. To investigate this, Ding and colleagues (Ding and Lee, 2013) studied 21 heavy smokers at rest in cigarette-sated and abstinent conditions, examining effective connectivity between networks and regions of interest. During acute withdrawal, directed connectivity from salience network to default mode network was enhanced and directed connectivity from executive control to the salience network was decreased compared to the sated state. To separate insular versus salience network effects, a small region of interest in the right anterior insula was investigated. In contrast to network level effects, the insula showed significantly increased directed connectivity with salience, default mode, and executive control regions in cigarette abstinence compared to satiation. This suggests that directed information flow from the insula to other brain regions increases in abstinent compared to sated heavy smokers, possibly reflecting increased signaling of cravings. Similar findings have been replicating using independent component analysis during resting state and psychophysiologic interactions during craving cue tasks (Hobkirk et al., 2018; Huang et al., 2014; Moran-Santa Maria et al., 2015) . These findings suggest that withdrawal leads to (1) increased anterior insular signaling to brain networks involved in salience, executive control, and self-referential thought, possibly reflecting craving, and (2) reduced coupling between these three major networks. Together, the findings suggest that To alter drug expectancy, smokers were told that the cigarette either contained "nicotine" or "no nicotine". All participants completed all four conditions. Activation of the ventral anterior insula during reward learning occurred only when smokers received a cigarette with nicotine and were told that it contained nicotine. Higher insular activity was associated with greater craving magnitude. This suggests that the anterior insula is not only involved in interoceptive processing, but that anterior insula processing of craving and reinforcement learning is modulated by drug expectancy, presumably through cognitive control influences.
Stage 4: Chronic Abstinence (Neuroplastic Recovery)
It is unclear whether neural function returns to healthy levels following long-term abstinence, or if the differences associated with nicotine use disorder persist. Although chronic nicotine exposure results in upregulation of nicotinic acetylcholine receptors throughout the brain (Breese et al., 1997; Gentry and Lukas, 2002) , former smokers exhibit nicotinic acetylcholine receptors concentrations similar to non-smokers (Breese et al., 1997) , suggesting that upregulation is reversible. Evidence of neuroplastic recovery is suggested by behavioral changes during chronic abstinence. Measures of impulsivity have been shown to be elevated in active smokers, but former smokers show levels similar to never-smokers (Bickel et al., 1999) . Studies of ex-smokers thus may provide important insights into mechanisms of successful smoking cessation.
Several studies have examined insula connectivity in chronic abstinence. Zanchi and colleagues (Zanchi et al., 2015) studied non-smokers, active smokers, and ex-smokers during a craving-cue task during an fMRI scan. Ex-smokers with greater right anterior insular activity in response to cigarette cues had higher lifetime nicotine consumption, and ex-smokers demonstrated decreased circuit strength between the right anterior insula and anterior cingulate compared to nonsmokers, but ex-smokers and active smokers did not differ. This suggests that insular function may not completely recover in long-term abstinence, possibly reflecting a mechanism of persistent craving. Another fMRI study (Nestor et al., 2011) of smokers, ex-smokers, and healthy controls used an attentional bias paradigm with neutral cues, emotionally-evocative cues, and smoking cues. Across all cue conditions, ex-smokers exhibited significantly greater activation in the right anterior insula compared to active smokers and controls. In a separate experiment employing a go/no-go paradigm to investigate motor response inhibition and cognitive error monitoring, exsmokers had significantly greater error-related activation than both controls and smokers in the left insula. Taken together, these results suggest that heightened insular monitoring of cues and
errors contribute to the successful maintenance of abstinence. Higher anterior insular activity in ex-smokers compared to healthy controls may reflect a persistent hypersensitivity to smoking cues.
Putting it All Together: Unified Models of the Role of the Insula in Nicotine Use Disorder Pathogenesis
One of the primary functions of the anterior insula is salience detection (Seeley et al., 2007) , such as identifying stimulus features that stand out, are learned, or are instinctually important. This theory holds that the insula selects stimuli from a continuous stream of internal and external sensory inputs for additional processing. Another theory is that the anterior insula serves as the "apex of a predictive cortical hierarchy" that spans all sensory systems (Barrett and Simmons, 2015; Chanes and Barrett, 2016) , using numerous streams of prediction errors to finetune and send prediction signals throughout the cortex, which are then used to determine prediction-errors. The insula is also involved in response selection and craving processing. It is unique amongst cortical areas in that it contains sequential yet overlapping maps from all exteroceptive and interoceptive senses (Craig, 2009 (Craig, , 2011 . These higher-order maps are successively re-represented from posterior insula to middle insula to anterior insula, progressively acquiring additional sensory, interoceptive, learning, reward, and cognitive signals along the way.
The anterior insula then provides a single cortical representation of how an individual is feeling at a given time: the "global emotional moment" or "cinemascopic awareness" (Craig, 2009 (Craig, , 2011 .
However, as discussed in the Introduction, the anterior insula has a limited capacity to process information such as perceptual tasks with varying cognitive loads (Wu et al., 2019) . From this perspective, the anterior insula is a saturable neural node -it cannot receive and process more than a certain amount of information at a given time. These models suggest broad involvement of the anterior insula in craving, polysensory processing, and negotiating sensory input versus cognitive
control mechanisms of salience. One function may outcompete others for insular processing resources, for example, in the case of pathologic overstimulation of craving signals.
The triple network hypothesis (Menon, 2011) has been applied to explain the insula's role in nicotine use disorder (Sutherland et al., 2012) . It suggests that the insula, along with the anterior cingulate cortex, serves as a toggle, directing brain function towards internal or external stimuli, in order to maintain homeostasis of cognitive resources and guide goal-directed behavior (Sutherland et al., 2012) . Internal focus is reflected by greater default mode network (endogenousoriented) activity, whereas external focus is reflected by greater executive control network (exogenous-oriented) activity. In this hypothesis, chronic nicotine use disrupts the insula's toggling function by redirecting resources toward endogenous processing in the default mode network. Lerman and colleagues (Lerman et al., 2014) provided supporting evidence for this model, reporting decreased between-network coherence amongst salience, default mode, and executive control networks in acute abstinence compared to satiety. They reported that weaker between-network coupling predicted abstinence-induced cravings and less suppression of default mode activity during performance of a subsequent working memory task, possibly reflecting a mechanism of cognitive and attentive impairments commonly observed during the nicotine withdrawal syndrome.
As an extension to these models, we propose (Figure 1 ) that total insular function is bandwidth-limited, and that this limits the insula's ability to represent craving, negotiate salience, and toggle between networks under a heavy working load. The concept that the insula directs attention towards the most relevant stimuli -internal or external -explains both cognitive changes and functional connectivity findings of acute nicotine ingestion (Section 2.2.1), nicotine satiety in dependence (Section 2.2.2), and nicotine withdrawal syndrome (Section 2.2.3). The insula
becomes overburdened with conscious awareness of craving and withdrawal symptoms during acute abstinence. Saturation of insular resources with craving processing then impairs its ability to coordinate normal coupling mechanisms between the three large scale brain networks.
The evidence suggests that insular function is disrupted compared to healthy controls across all stages of nicotine use disorder ( Table I) . Salience network coherence between insular and anterior cingulate nodes is particularly important for craving-induced behaviors, reflects disease severity, and has prognostic value. Since insula activation is associated with craving and is higher for smokers experiencing withdrawal, reducing insula activation may be a strategy to reduce relapse.
Implications of Insular Role in Nicotine Use Disorder on Neuromodulatory Therapeutic Development
Since current treatments have limited efficacy, new treatment strategies are needed. One possibility is a targeted circuit-node approach, aligned with current understanding of the underlying pathology. A neurocircuit-based approach may improve cessation by modulating key neuroanatomic nodes such as the insula. A promising candidate for this approach is neuromodulation with transcranial magnetic stimulation.
Therapeutic Neuromodulation in Animal Models of Nicotine Use Disorder
Neuromodulation has been examined as a tool for reducing nicotine use in animals. (Forget et al., 2010 ) Insular inactivation via intracranial GABA agonist microinfusion in nicotinedependent rats significantly reduced nicotine motivation, nicotine seeking-, and nicotine takingbehaviors, with no effect on food behaviors (Forget et al., 2010) . These findings were confirmed using an alternative lesioning method, bilateral insular deep brain stimulation, in a rat model of nicotine dependence (Pushparaj et al., 2013) . Kutlu and colleagues (Kutlu et al., 2013) showed
that locally infused D1 (but not D2) antagonists into the rostral anterior insular cortex decreased rats' nicotine self-administration acutely by more than 50%, with repeated D1 antagonist infusions resulting in continued decreases in nicotine consumption. The cause-and-effect relationship between decreased D1 activity in the insula and decreased nicotine self-administration suggests that midbrain dopaminergic afferents onto the anterior insula are critically involved in promoting and maintaining nicotine dependence (Kutlu et al., 2013) . Disrupting this insular mechanism may lead to diminished nicotine consumption.
Therapeutic Neuromodulation in Humans with Nicotine Use Disorder
Transcranial magnetic stimulation (TMS) is a technique that may be used to modulate insula function. TMS works by placing electrical coils near the scalp and running a current through it to induce rapid, transient, focal magnetic fields. These transient magnetic fields cause electromagnetic induction in underlying neural tissues that alter neural transmembrane potentials and neural activity. Applying a sequence of TMS pulses can either facilitate or inhibit neuronal excitability, depending upon pulse parameters and stimulation site. Based on studies of the corticospinal motor tract, low-frequency (≤ 1 Hz) repetitive TMS is inhibitory and high-frequency (≥ 5 Hz) repetitive TMS is faciliatory, with aftereffects closely paralleling long-term depression and long-term potentiation mechanisms of neuroplasticity (Hoogendam et al., 2010) .
Several studies have investigated whether TMS targeting the dorsolateral prefrontal cortex affects cigarette craving and consumption. Most studies focus on excitatory TMS of the dorsolateral prefrontal cortex in smokers (Amiaz et al., 2009; Chang et al., 2018; Li et al., 2013) , likely because of its efficacy in major depressive disorder (Brunoni et al., 2017; Milev et al., 2016) and relative accessibility of this region as a superficial target site compared to other, deeper structures. Most studies rely on scalp landmarks for targeting (Amiaz et al., 2009 ; Dinur-Klein et Kozak et al., 2018) . Some studies have used neuroimaging for subject-specific neuronavigation (Pripfl et al., 2014; Sheffer et al., 2018; Trojak et al., 2015) , and few studies have demonstrated target engagement through neuroimaging (Chang et al., 2018; Li et al., 2017a; Li et al., 2017b) .
Most of these studies demonstrate decreases in craving and cigarette consumption after dorsolateral prefrontal cortex TMS (Amiaz et al., 2009; Chang et al., 2018; Dinur-Klein et al., 2014; Trojak et al., 2015) ; however, the evidence is mixed. For example, some studies demonstrate decreased craving without a change in cigarette consumption (Wing et al., 2012) , while others demonstrate decreased cigarette consumption without a change in craving (Dieler et al., 2014; Johann et al., 2003) . Thus, there is room for improvement. Inhibiting the craving urges from the cortical source, which becomes overloaded with craving signals to the detriment of cognitive control, may be more effective. Human stroke and animal neuromodulation studies reviewed here implicate a crucial role of the insula in sustaining craving sensations and nicotine-consuming behaviors. Towards this end, our laboratory is conducting a randomized, sham-controlled clinical trial (NCT 02590640) in active smokers to investigate the efficacy of insular inhibitory neuromodulation to reduce cigarette craving in acute abstinent smokers.
One of the major technical limitations of the application of TMS to the insula is the limited spatial depth of electromagnetic induction and its inverse relationship with focality. Across different coil geometries, stimulation of deeper brain targets necessitates greater electrical field spread and reduced focality (Deng et al., 2013) . This tradeoff between electric field depth and focality poses important physical challenges to stimulating the anterior insula. One study applied continuous TMS to the right anterior insular cortex and control regions (occipital and somatosensory cortices) in healthy volunteers using a superficial (i.e., planar figure-of-eight) coil Pollatos et al., 2016) . Their results suggested that inhibiting the right anterior insula was associated with a significant decrease in cardiac and respiratory interoceptive accuracy (measured by a heartbeat counting task). The targetability of the anterior insula using a conventional coil has been debated (Coll et al., 2017; Pollatos and Kammer, 2017) . Investigators noted that by using this approach the anterior insula receives about 25-35% of the maximum cortical energy deposition and greatest deposition in the overlying frontal and temporal opercula (Figure 4) . The results suggest that subthreshold levels of stimulation can affect neural function and that choice of coil geometry is important.
Recently, a family of coil designs called Hesed (H) coils have been developed to achieve deep brain neuromodulation at the expense of a wide, relatively non-focal treatment field. These coils provide near-complete stimulation of the lateral frontal lobes. Dinur-Klein and colleagues (Dinur-Klein et al., 2014) randomized 115 heavy smokers to 13 daily treatments of highfrequency, low-frequency, or sham TMS using an H-coil designed to target the bilateral dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, and insula. Smoking was measured by participants' self-report and urine cotinine levels. High-frequency TMS, but not low-frequency or sham TMS, resulted in a 44% reduction in smoking at 3 months and 33% reduction at six months. There was no significant difference in self-reported craving, suggesting that these effects may reflect enhanced cognitive control through dorsolateral prefrontal cortex augmentation rather than reduced incentive salience or reduced sensation of cigarette craving. Malik et al (Malik et al., 2017 ) applied excitatory and inhibitory TMS to the bilateral insula and surrounding cortical opercula using the H-coil in eight healthy participants. Synaptic effects were measured using PET with a dopamine agonist tracer. They demonstrated that inhibitory (1 Hz) TMS compared to sham and excitatory (10 Hz) TMS significantly decreased dopamine concentrations in the substantia
nigra and sensorimotor striatum, suggesting a mechanism of action for TMS. In both these studies reporting insular modulation, the investigators could not definitively confirm that the insular cortex was stimulated, although future studies using fMRI could address this question.
Neuromodulatory methods not only include TMS, but also include transcranial direct current stimulation (tDCS) and deep brain stimulation (DBS). tDCS involves applying an electrical current to the brain between two electrodes, which affects neural tissues within the path of least electrical resistance. tDCS has been used to target the dorsolateral prefrontal cortex in smokers with reduction in cue-induced cravings; however, the non-focal nature of this method limits its utility in targeted, neuroanatomically-driven neuromodulation (Salling and Martinez, 2016) . DBS, on the other hand, involves surgically implanting a stimulating electrode into target brain tissue. 
Conclusion
The insula is functionally heterogeneous, with distinct patterns of connectivity with largescale brain networks associated with numerous functions and behaviors. Animal models and human lesion studies suggest that the insula is necessary for the maintenance of nicotine-seeking behaviors and nicotine-taking behaviors, likely through nicotine craving. However, studies have
shown that the insula is a saturable node of information processing. We propose that this saturability explains how insula functions at each stage in nicotine use disorder. Craving during withdrawal can overload insular processing to the exclusion of other functions, such as saliency and network homeostasis. We propose a novel signal flow model to illustrate how this limited capacity of the insula leads to breakdown of normal function during acute nicotine withdrawal.
This model also illustrates a mechanism through which insular neuromodulation may promote abstinence. Given the limited efficacy of standard-of-care treatments for nicotine use disorder, modulation of this region may be a promising strategy for the next generation of treatments by offering what has been previously unavailable: a targeted, neuroanatomically-driven therapy.
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This work was funded by NIH grant F32 DA041011 (Regner), RSNA grant RR-1620 (Regner), CCTSI grant M-15-81 (Regner), and R00 AA024778 (Gowin). Information at each node is presumed to be Shannon limited, meaning that there is a finite, tight upper bound on the rate of total information transmission and processing, or the total rates of inputs and outputs (Shannon, 1948) . The dorsal anterior insula is involved in processing salience of externally-oriented stimuli and it is connected with the executive control network (an externally-directed system). The ventral anterior insula is involved in processing salience of internally-oriented stimuli and it is connected with the default mode network (an internally-directed system). (B) In the setting of acute withdrawal, craving and withdrawal sensations overload the anterior insula, saturating the limited insular processing bandwidth to the exclusion of normal signal inputs. The insula cannot then negotiate internally-versus externally-directed brain systems. The circuit becomes unstable, and normal homeostasis is lost. Inhibiting the anterior insula may prevent the brain from functional usurpation by craving signals.
A C C E P T E D M A N U S C R I P T Figure 2 . Diagrammatic illustration of the natural history of nicotine use disorder. We attempt to synthesize the neuroimaging literature of nicotine use disorder into four pharmacologically-and behaviorally-informed stages of nicotine use disorder. Acute nicotine exposure (Section 2.2.1) reflects the acute pharmacologic action on neural circuitry. Chronic nicotine exposure (Section 2.2.2) reflects pharmacologic tolerance and dependency and results from repeated nicotine exposure; it manifests as maladaptive changes in reward, salience, and executive control circuitry. Acute abstinence (Section 2.2.3) provides a model for understanding the neural basis of the nicotine withdrawal syndrome and craving. Long-term abstinence (Section 2.2.4) serves as a model of neuroplastic recovery from nicotine use disorder. Associated neuroimaging findings are summarized in Table I .
A C C E P T E D M A N U S C R I P T Figure 3 . Differential resting-state connectivity of the dorsal (left) and ventral (right) right anterior insula, using the Human Connectome Project Connectome Workbench (n = 1206), uncorrected. Dorsal right anterior insula is strongly connected with frontoparietal regions involved in executive control; in contrast, ventral right anterior insula connectivity is strongly connected with default mode network regions involved in internal feelings and self-referential processing. Note that the externally-directed system (dorsal anterior insula and executive control network) and internallydirected system (ventral anterior insula and default mode network) are inversely correlated, consistent with mutual inhibition (see Figure 1) .
A C C E P T E D M
A N U S C R I P T Figure 4 . Finite element model results of the predicted electromagnetic field produced by a standard planar transcranial magnetic stimulation 70mm figure-of-eight coil targeting the right anterior insula. Predicted current flux density (left) and normalized absolute value of the electric field (right) illustrating the pattern of energy deposition. Maximum energy is deposited in the scalp, superficial soft tissues, and cerebrospinal fluid due to high tissue conductivities. This illustrates the difficulty in targeting deep structures, such as the insula or anterior cingulate cortex. This is consistent with model results of insular targeting reported by Pollatos and colleagues (Pollatos and Kammer, 2017) . Created using SimNIBS version 2.1.1 (Thielscher et al., 2015) with right anterior insular target [36, 10, -6] in MNI space and default parameters (unpublished).
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